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Identifying a good site for groundwater exploitation in arid areas with scarce hydrogeological data is a
challenging task. In this study, west of the Tibet Autonomous Region located at the peak of the world
ridge that belongs to the extreme water-scarce poverty zone is used as the study area. This study is the
Brst to determine the formation and controlling factors aAecting the groundwater resources in Ali area via
comprehensive geophysical and geochemical prospecting. The meteorological and hydrological characteristics of the study area are analysed, and the source and characteristics of water vapour in the study
area are determined. Although the Indian peninsula and the Arabian Sea water vapour transmission
paths exist, only small amounts of water vapour enter the area because of the distance limit and alpine
barrier, which is the main reason for the drought in the study area. An overall conclusion of the
hydrogeological condition and groundwater resources in Ali area is drawn on the basis of geophysical
surveying, hydrogeological drilling, and water chemical analysis. The distribution of water resources in
the Quaternary Aquifer, which is controlled by water vapour transport, aquifer-forming deposits, river
distribution, and temperature, is not well-proportioned. The aquifer potentiality reduces from the
southern to the northern direction in sequence. Thus, the great mass of midlands and the northern region
belong to drought zones. Groundwater salinity, which is aAected by drought, is higher than surface water
salinity and obviously increases in constituent concentrations. The Bndings promote the understanding
and utilisation of water resources in the study area.
Keywords. Arid region; groundwater resources; distribution law; controlling factor; Tibetan Plateau.

1. Introduction
The Tibetan Plateau is known as the ‘Earth’s
water tower’ (Xu et al. 2008). It is an oxygen-scarce
landscape of enormous glaciers, huge alpine lakes
and mighty waterfalls that serve as a storehouse of
bountiful freshwater. However, the west of the
Tibetan Plateau, and the northern highlands of the

Himalayas, Ali area are dry because of less rain
(Guo et al. 2017) and shortage of groundwater
resources. They are the driest area in China and
cannot provide adequate amount of freshwater for
local inhabitants.
In arid areas, groundwater is typically the main
or the only water supply source (Scanlon et al.
2006; Gorelick and Zheng 2015; Yu et al. 2019).
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Thus, the search for groundwater in water-scarce
areas remains the focus of groundwater explorationists. Hydrogeological exploration aims to
develop and manage groundwater, and its task in
groundwater exploration are to identify the location of groundwater rich belt, determine the possible water content of aquifers, and measure
groundwater quality (Zhang and Liu 2004).
Drilling and pumping tests are the primary
methods used to obtain hydrogeological data;
however, these methods are time-consuming and
expensive (Baroncini Turricchia et al. 2014).
Compared with drilling and pumping tests, geophysical methods have low cost, short test periods
and noninvasive (Slater 2007; Binley et al. 2015).
Therefore, such methods can be eAectively used to
rapidly determinate the aquifer characteristics.
Magnetic resonance sounding (MRS) is applied in
an arid area with scarce hydrogeological data on
the Mongolian Plateau to identify the target
investigation area, and the aquifer characteristics
of the target investigation area are accurately
determined on the basis of intensive MRS measurements and drilling and pumping tests (Yu et al.
2019). A recent research shows the demarcation of
groundwater potential zones through weighted
overlay analysis in Bori Chikli watershed of Jalgaon District, Maharashtra State. The groundwater potential map is generated by integrating and
overlaying thematic layers/data (lithology, geomorphology, land use and land cover, slope, drainage, etc.) using a Geographic Information System
(GIS) platform. The results indicate that majority
of the areas have poor to moderate groundwater
potential zones (Sujit et al. 2019). Wenner and
Schlumberger electrical resistivity methods are
compared for groundwater investigation in Dhule
District (M.S.), India (Baride et al. 2017). Wenner
and Schlumberger methods have merits and
demerits. Considering the merits and demerits
from the Beld point of view, Wenner inverse slope
method is suggested for calculation and interpretation, but it requires lateral length, which is a
constraint. Schlumberger method is simple, but has
unwieldy interpretation. In areas with sparse data,
the inferred results by geophysical methods are
highly uncertain without existing boreholes as
auxiliary information (Ezersky and Frumkin 2017;
Larsen et al. 2017).
A combined model-data analysis suggests that
the contribution of groundwater to the annual
water budget in the central Himalayas may be
substantial (Bookhagen 2012). Motilal et al. (2019)
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surveyed 412 groundwater springs at the Melamchi–Larke area, that mainly originated from the
weathered, jointed, or fractured rock aquifers in
the high-grade metamorphosed rocks with an altitude class of 1,500–2,500 m. They used geospatial
techniques to map the potential zone of groundwater springs in the Central Nepal Himalayas.
Yousafzai et al. (2008) conducted a numerical
simulation of groundwater Cow in the Peshawar
intermontane basin in northwest Himalayas. Simulated pressure head data were compared with the
Beld measurements of hydraulic heads. The result
suggested the eAect of tectonic compression. The
mean residence time of karst groundwater in three
mountainous catchments of the Western Himalayas was estimated using a tritium isotope, a sine
wave model and tracer tests (Shah et al. 2017).
Jeelani et al. (2017) collected monthly precipitation samples across the Kashmir Valley of western
Himalayas from June 2013 to May 2014 for d18O
and d2H analyses to constrain the water cycle
inCuences of southwest monsoons in the valley.
The results indicated that the southwest monsoons
enter the Kashmir Valley from the southwest
through the mountainous passes. Israil et al. (2006)
used a surface electrical resistivity method and
isotope technique to estimate the groundwater
recharge in the Himalayan foothill region in India.
The study obtained a well-deBned empirical relationship between the unsaturated zone resistivity
and recharge percent. (Remote sensing and GIS
were used to prospect the groundwater and study
the hydrogeology of the foothill zone in the
north–west Himalayas.) The analysis of aerial
photographs, satellite images and topographic
maps supported by ground truth survey reveals
that the study area has a network of interlinked
subsurface fractures (Thapa et al. 2008).
The history of groundwater in Himalayas can be
dated to the time of the advent of human civilisation in the mountains. So far, the research on water
resources in the district is ongoing. Studies
assessing the formation and distribution characteristics of groundwater resource in the Tibetan
Plateau are important for sustainable water
resource management. However, most of the
research have focussed on India, Nepal, Pakistan,
and the Himalayan region of the southern plateau.
Chinese research about Ali area in the Tibet
Autonomous Region is rare. Ali area is an arid
region characterised with cold climate, small precipitation and strong evaporation. The usable
water reserves are low, and no water resource
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exists within a circumference of dozens of kilometres. This area assumes a drought sight. People
mainly live in Quaternary developmental areas,
such as lake basins and valleys. The condition of
groundwater resources is unclear in this region
(Kang and Xu 2008). Drought has seriously impeded the development of Ali’s economy. Although
China has invested Bnancial resources to use
groundwater in several dry areas in recent years,
the utilisation of water resource project’s design
and construction is weak because of the lack of
basal hydrogeological data, thereby causing large
waste of human, material and Bnancial resources.
The present study focusses on groundwater
resource formation and controlling factors in dry
regions via comprehensive geophysical and geochemical prospecting to provide basis for exploration and utilisation by using Ali as a case study
because of its vulnerability and sensitivity to the
impact of climate change. ScientiBc research on
water resources and resource management for
many arid regions worldwide is rare, specially on
Ali area.
2. Study area
Tibet is located at the north of India, Nepal, Bhutan,
Myanmar, west of China and south of east Turkistan.
Ali belongs to the Tibet Autonomous Region and is
located in the southwest frontier of China, which is in
the western part of the Tibetan Plateau (Bgure 1). Ali
is a vast territory with an area of more than 330,000
km2, bounded by north latitudes 29°410 –35°520 and
east longitudes 78°240 –86°200 . The average altitude is
more than 4,500 m. This area is the highest place in
the Tibetan Plateau.
2.1 Geological and hydrogeological conditions
The strata of Ali area are exposed from the preSinian to the Quaternary and are thick, and a great
difference in the development degree exists in
various regions. The Jurassic, Triassic, Permian
and Carboniferous strata have been widely distributed in the area (Hydrogeology and Engineering Geology 906 Group 1995; Geological
Exploration 915 Group 2000).
The Quaternary strata are widely distributed
and have complex origins. The new tectonic
movement is active since the late Yanshan
regression of the Cretaceous period. The lithosphere started to extensively elevate in Ali area

because of Himalayas’ movement. During the late
Tertiary period, the lithosphere began to strongly
and intensively hunch by stages. Apophysis of
mountains accompanied the appearance of ruptured lake basins and valleys. In this period, thick
Quaternary strata were deposited (Li et al. 1983).
In the Cexible plateau environment, various Quaternary sediments and the orderliness of unique
spatial distribution are formed. Other Quaternary
sediments are distributed in basins and valleys,
except for the eluvial, slope material, gravity
accumulation, and periglacial moraine accumulation (Bgure 2). Quaternary sediments are controlled by the nearby east–west tectonic and follow
a zonal distribution.

2.2 Atmospheric migration
The Tibetan Plateau is subjected to combined
regulations of multiple climatic systems because of
its unique terrain and speciBc underlying surfaces.
The circulation patterns are primarily featured by
the Indian monsoon in summer and the mid-latitude westerlies in winter, whereas the East Asian
monsoon aAects the eastern margin (Ma et al.
2018). Therefore, researchers have recently
explored the role of atmospheric moisture transport and its internal physical mechanisms on precipitation across the Tibetan Plateau (Cannon
et al. 2017; Dong et al. 2016; Wang et al. 2017).
The study on water vapour transport around the
Qinghai–Tibet Plateau shows that water vapour
can enter the plateau from the west and south
directions. In the entire Tibet, water vapour
mainly originates from the Indian Ocean and is
transported to the plateau through three water
vapour transport paths (Liu 1997; Chen et al.
2012), constituting the plateau’s main pattern of
water distribution. Route I is the Bay of Bengal
water vapour transmission route, which originates
from the Bay of Bengal and enters the southern
part of the Tibetan Plateau from south to north
through the Hengduan Mountain Valley and
spreads to the midwest and northeast of the plateau. Route II is the water vapour transmission
path of the Indian peninsula route, which originates from the low-latitude tropical convergence
zone and crosses the Himalayas through the plateau hinterland. Route III is the Arabian Sea water
vapour conveying route, which originates from the
Arabian Sea and enters the western plateau
through the west side (Bgure 3).
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Figure 1. Location of the study area and the distribution of key survey area. The study area is located in the southwest frontier
of China. There are 10 key survey areas in this study.

Figure 2. Terrace cross-section of western Shiquanhe Town in Ali (Li et al. 1983). It shows that the study area keeps uplifting
due to Himalayas’ movement, and there are complex origins of the Quaternary stratum.

The dominant origin of the moisture contributing to the Tibetan Plateau is a narrowly tropical–subtropical belt from the Indian subcontinent
to the southern hemisphere (Ma et al. 2018). The
water vapour from the Bay of Bengal moves
through the Brahmaputra Channel and plays an
important role on the precipitation characteristics

in the southeastern Tibetan Plateau (Maussion
et al. 2014). The southwest area is inCuenced by
the water vapour from the northern Indian subcontinent (Dong et al. 2016). The Indian peninsula
and Arabian Sea water vapour transmission paths
send water vapour to Ali area all year round.
However, most of the water vapour is intercepted
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Figure 3. Water vapour transport path of Tibet Plateau (Liu
1997). There are three water vapour transport paths from the
Indian Ocean to Tibet Plateau, and the Route III has the
greatest impact on the study area.

by the West Himalayas, Karakorum Mountains
and Kunlun Mountains because of the distance of
the Arabian Sea and the Indian Ocean, the gaps
amongst Afghanistan, Iran and Pakistan, and the
overlap of tall mountains. Consequently, the water
that enters Ali area is rare, and precipitation in the
area is small. Relatively large amount of water
vapour is found at the south of Ali area. The heat
and low pressure of the Indian peninsula is active in
July, with a large number of clouds crossing the tall
mountains with the strong southwesterly and
southerly airCows in front of the southern groove.
Most of the cloud belts are anticyclone bends that
can reach Ali. During winter, water vapour is still
delivered from the Indian peninsula.
The oxygen isotopic compositions of precipitation
on the western Tibetan Plateau demonstrate that the
westerlies and continental air masses primarily control
the moisture sources during winter, whereas the
southwest monsoon and continental air masses intermingle, and the monsoon dominates during summer
(Yu et al. 2009). Overall, the water vapour from the
outside is mainly from the southern and western borders, which are driven by the Indian monsoon and the
westerlies, respectively. The water vapour from the
western boundary primarily inCuences the variability
of summer rainfall in the southern Tibetan Plateau
despite its smaller amounts than that from the
southern boundary (Ma et al. 2018).
2.3 Meteorology and hydrology
Ali area has low temperature and deBcient of heat,
and the heat reduces from the south to the north.
In the middle and southern areas, the annual
average temperature ranges from 0.2 to 3.1°C.
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The average temperature of the warmest (July)
and coldest (January) months range from 11.6° to
13.9°C and from 12.3° to 8.5°C. Ali area is
aAected by orography and southwest monsoon. Its
rainfall distribution is uneven and considerably
varies between years.
The average annual precipitation is between 100
and 200 mm in most parts of the territory and
decreases northeastward (Bgure 4). The temporal
variations in precipitation d18O on the western
Tibetan Plateau and adjacent regions are regared as
the reason that an important period for the transportation of moisture to the Tibetan Plateau from
various sources is constituted in late May, early
June–late August, and early September (Yu et al.
2009). The precipitation is mainly concentrated
from June to September and accounts for more than
85% of the annual amount. Groundwater has a close
and interdependent link with surface water. Thus,
groundwater resources are relatively abundant near
surface rivers and minimal in seasonal rivers or areas
without surface water recharge. The amount of
water stored in underground aquifers is manifested
in a small amount of upper stagnant water and
cannot be recovered after mining. Thus, groundwater does not exist without surface water. Hence,
the existence of surface water system and its state
limit the abundance or poverty of groundwater
resources. The groundwater system in southern Ali
area has a rich source of surface water supply, and
the range of hydrogeological units is large. In the
northern groundwater system, a small amount of
seasonal Cow distribution exists in most inland lake
basin areas, in which most of them are centripetal
around the lake basin. Thus, the groundwater
recharge conditions are poor, and only a small
amount of meltwater is replenished in the melting
period, thereby resulting in small hydrogeological
reservoirs and poor groundwater volume.

3. Materials and methods
The Tibetan Plateau has unparalleled elevation,
complex dynamic geological environment, and has
been widely investigated by Chinese and foreign
geological researchers. However, the hydrogeology
of this area remains unclear because it is located in
a remote, oxygen-deBcient area that makes trafBc
inconvenient. The study was implemented for a
2-yr period using several methods, including comprehensive geophysical, geochemical prospecting
drilling and pumping tests (Bgure 5). The main
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Figure 4. Contour map of the average precipitation and major rivers in Ali. The study area belongs to the dry area with little
rainfall, and the rainfall decreases northeast ward.

areas around towns and rivers, where farmers and
herdsmen are relatively concentrated, were
explored in this study. The distribution of 10 key
survey areas is shown in Bgure 6. Geophysical
surveying, drilling and chemical analysis were
conducted on all key survey areas.

3.1 Geophysical exploration
Surface geophysical methods have been used for
decades to successfully and economically explore
groundwater resources (Hasbrouck and Morgan
2003). Amongst the geophysical methods, electrical
and electromagnetic techniques are widely used in
groundwater exploration (Goldman and Neubauer
1994; Cao et al. 2006). High-density electric
method can determine the high-resistance geological body by testing the burial depth of soil layer
and bedrock and the undulating morphology of
bedrock surface, thereby dividing the geological
conditions of each layer (Su et al. 2015). Excitation
polarisation method is an electric exploration on
the basis of the difference in excitation eAects of
different rocks and ores, which is slightly aAected

Figure 5. Flowchart of the methodology adopted in the study
area. It is the Brst time to determine the formation and
controlling factors aAecting the groundwater resources in Ali
area via comprehensive geophysical and geochemical
prospecting.

by topography and is intuitive in reCecting the
depth of groundwater level and the relative waterrich zone (Fu et al. 1993; Kang et al. 2007).
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Figure 6. Drilling columnar diagram of No. 2 key survey area (ZK2). It shows that the drilling depth is 60.8 m, and the
underground aquifer is not reached. The formation can be divided into three strata from top to bottom, which is a set of lake
accumulation and alluvial ice deposits.

The geophysical approach is frequently used in
combining methods to utilise their advantages. The
excitation polarisation method is best combined
with high-density resistivity method or EH4 conductivity bathymetry to Bnd water or determine
the aqueous content of formation (Kaya et al. 2007;
Zhang 2013) for considerably reducing the multisolution of interpretation and improving the
success rate of Bnding water. This geophysical
exploration work was simultaneously performed
with the excitation bathymetric and high-density
method. Ten excitation bathymetric point sounding were tested (table 1). The high-density electric
sounding section has a length of 1,500 m and 2,560
electrical points. The No. 2 key survey area was
taken as an example to illustrate the geophysical
exploration results.
The No. 2 key survey area (ZK2) is located at
the foot of the slope of a mountain (Bgure 1). The
relatively high ground is a layer of gray-white sand

surrounded by gravel and few grasses. The drilling
depth is 60.8 m, and the underground aquifer is not
reached (Bgure 6). The drilling lithology is a set of
lake accumulation and alluvial ice deposits.
The formation can be divided into three strata
from top to bottom on the basis of the comprehensive mapping results of the No. 2 key survey
area using the high-density bathymetric method
(Bgure 7): (1) 0–24 m is a gravel sand clamp with
apparent resistivity of 400–550 Xm; (2) 25–42 m is
a gravel-containing silty clay with a 340–380 Xm
resistivity and poor water content; and (3) 43–70 m
is a medium Bne sand soil clamp stone with visual
resistivity of 220–300 Xm. The lithological stratiBcation is consistent with the drilling results,
thereby showing that the high-density bathymetric
method has a good eAect in geological stratiBcation
detection.
The minimum bathymetric electrode distance
of the excitation bathymetric method is 1.5 m,
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Table 1. Results of groundwater detection using excitation bathymetric test.
Key
survey
areas
1
2
3
4
5
6
7
8
9
10

Depth of
perched water
zone (m)

Little water
content zone
(m)

Relatively rich
water zone (m)

–
1.5*2.5
–
–
–
–
15
10
–
7.5

25
15
25
35*60
75*90
Below 75 m
75*105
150
75*105
115*145

–
–
–
2.5*35
–
15*75
–
–
–
90*115

Note: ‘–’ means none.

Figure 7. High-density electro-bathymetric proBle of No. 2 key survey area. The lithological stratiBcation is consistent with the
drilling results, showing that the high-density bathymetric method has a good eAect in geological stratiBcation detection.

whereas its maximum is 75 m. The measured
apparent resistivity has a maximum value of 609.1
X and a minimum value of 185.3 X (Bgure 8). The
surface layer has a certain abnormal value from 1.5
to 2.5 m, and deviation r has a small value. The
comprehensive water search parameters (ZP) show
a large abnormal value, attenuation D [ 0.4 (average of 0.43), and the half-decay TH performance
has a large value (average of 1.53 s). The abnormal
conditions of various parameters and the drilling
method show that the layer has upper hysteresis.
This section has a low water content that immensely varies with seasonality and does not have
considerable mining value. A small, shallow well
can be dug to provide water for livestock. A certain

outlier is found, and deviation r is low when the
sounding is 15 m. The comprehensive water Bnding
parameter (ZP) shows a large outlier, attenuation
D is 0.45, and the half-decay TH performance is
large (0.8 s). In summary, the interval has small
water content with small comprehensive reCection
and thin aquifer and has small practical significance for centralised mining.

3.2 Hydrogeological drilling
Hydrological drilling is used to obtain the data
needed for the rational development and utilisation
of groundwater. This method is also intuitive in

J. Earth Syst. Sci. (2020)129:208

Page 9 of 17 208

Figure 8. Excitation bathymetric proBle of No. 2 key survey area. The measured apparent resistivity has a maximum value of
609.1 X and a minimum value of 185.3 X. It shows the interval has small water content.

revealing the aquifer characteristics and groundwater conditions. Hydrogeological drilling was
performed in all key survey areas to determine
the status of groundwater resources in Ali area.
The geological and hydrogeological information
revealed in each hole are shown in table 2.
Analysis shows that most of the boreholes do not
reveal the underground aquifer. The reasons for
this phenomenon are provided as follows.
The combination of landform and lithology
results in a weak water-bearing property of the
strata. This drilling arrangement is mostly located
in the central part of a lake basin. Only Zone 2 is
arranged at the basin edge. Areas 8 and 10 are
located on the hill slope, which is unsuitable for
groundwater storage. The key exploration areas
belong to the plateau lake basin. During the plateau uplift, the groundwater level subsides and
forms the current dry lake basin (Zheng and Yao
2004). Quaternary sediments in the central part of
the lake basin are Bne and have many argillaceous
contents, thereby resulting in low porosity and
poor water permeability. Drilling in Zone 3 indicates the following. From the surface to the bottom, 0–9.7 m is composed of grayish-white, slightly
wet sandy soil with sandy gravel beds. Pebbles and
gravels have particle sizes of 20–60 and 20–43 mm,
accounting for 20% and 8%, respectively. At
9.7–48.12 m, dry cyan clay and crushed stone layer
dominates. Crushed stones have a particle size of
20–150 mm, stone size of 220–340 mm, and
comprise 15%. Yellow sandstone dominates the

48.12–60.26 m section with developed cracks and
broken rock mass and is dry and mostly Blled with
mud. The rock core is present as a short column.
Therefore, the lake sediments in the centre of the
lake basin have poor water content, and drilling
activities do not reveal the groundwater.
Small amount of alluvium, diluvial and alluvial–diluvial strata are present around the lake
basin with relatively large particles and slightly
large porosity. A small amount of rainfall can be
stored in the seepage, and a small amount of ice
and snow melt water supply exists on the top of the
lake. Therefore, some perched water is present,
although the amount of water is small and the
aquifer is thin. The core characteristics of the
drilling in Zone 2 are detailed in the geophysical
exploration No. 2 key survey area (Bgure 6). The
No. 2 holes at the edge of the lake basin indicate a
small amount of perched water. A small number of
shallow wells can be dug for human and livestock.
Although the lithology of the hilly slope is conducive for precipitation inBltration, the catchment
conditions are poor, rainwater quickly Cows, and
the inBltration amount is small. Thus, the stratum
contains only a small amount of perched water,
such as the drilling of Zone 9. The core rock is
slightly wet when its depth is 0–14.30 m, indicating
that it should be exposed to a small amount of
perched water.
Lack of supply sources and poor catchment conditions result in a lack of groundwater volume. The
catchment conditions in the key exploration areas are

Central of the basin

Edge of the basin

Central of the basin

Edge of the basin

Central of the basin

Central of the basin

Hillside slope

Central of the basin

Hillside slope

Hillside slope

2

3

4

5

6

7

8

9

10

Landform

1

Key
survey
areas

Ice and water sediment, sand-gravel

Ice and water sediment, sand, silty clay-gravel

Surface of lacustrine sediment. 0–17.4,
sand-gravel, 17.4–60.56 granite

Outwash sediment, sand-gravel

/

/

/

/

32 m

/

2.5 m

60.78/4837

61.80/4625

60.56/4840

60.56/4785

60.70/4636

60.50/4628

60/4325

60.26/4870

60.80/4840

/

/

60.60/4808

Borehole
depth (m)/
surface
elevation (m)

/

Depth
of
aquifer

The water content is small, and the aquifer is thin. Moreover,
no surface water supply source and concentrated development
potential exist, and scattered mining can be executed
At a depth of 28–36.2 m, perched water is scattered. The water
content is small, and the aquifer is thin. Moreover, no surface
water supply source and concentrated development potential
exist, and scattered mining can be executed
The water content is small, and the aquifer is thin. Moreover,
no surface water supply source and concentrated development
potential exist, and scattered mining can be executed
The result of the drilling pump test is 216.86 m3/d. The water
supply is shallowly buried, and the amount of water is
relatively abundant. However, the water quality is poor, and
people and animals cannot drink it directly; concentrated
mining must be performed before people and animals can
consume it
At the depth of 75–90 m, the geophysical parameters are
abnormal and have rich water content. The results need to
demonstrated through further work
The result of drilling pump test is 358.56 m3/d. The amount of
water is relatively abundant, and the water quality is good.
Although the groundwater buried depth, there is high
probability of concentrated mining
At the depth of 75–145 m, the geophysical parameters are
abnormal. Although have a certain water content, but the
results need to be demonstrated through further work
At the depth below 150 m, the geophysical parameters are
abnormal. Water content is small and the aquifer is thin.
Moreover, no surface water supply source and concentrated
development potential exist, and scattered mining can be
executed
At the depth of 75–105 m, the geophysical parameters are
abnormal. Although have a certain water content, but the
results need to be demonstrated through further work
At the depth of 90–145 m, the geophysical parameters are
abnormal. The aquifer is thinner, and no surface water supply
source exists. Moreover, the reserves are small, and
developing them will not have a large impact

Potential of usage
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Lacustrine sediment, sand-conglomerategravel, gravel-cobble

Lacustrine sediment, silty clay

0–18 limestone, 18.3–25.1 shale sandstones,
25.1–60 sandy mudstone

Surface of lacustrine sediment. 0–48.12, sandconglomerate-gravel, 48.12–60.26, sandstone

Outwash sediment, sand-conglomerate-gravel,
silty sand-gravel

Lacustrine sediment. 0–4.5, sand-gravel,
4.5–60.6, sandstone

Lithology

Table 2. Hydrogeological drilling results in the study area.
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Figure 9. Piper graph of water chemical characteristics in the study areas. The study area is an arid region characterised with
small precipitation and strong evaporation, thereby groundwater salinity is high.

poor, and the replenishment of surface water or
eAective rainwater supply is lacking. Each key
exploration area is located in the plateau valley and
forms separate hydrogeological units. Hence, no rivers
or lakes exist, and signs of ancient rivers are nonexistent. Therefore, each independent hydrogeological
unit has no supply source, and groundwater resources
are relatively scarce. A seasonal mountain stream
with a small Cow, which is recharged by ice and snow,
only exists at approximately 3 km northwest of Zone
3. The stream shortly Cows and then disappears
underground. Lakes are present 500 m near Zone 4
and approximately 5 km north of Zone 9, which can
supply a small amount of groundwater to the outwash
sediment and alluvial–diluvial at the basin edge.
Strong evaporation and rare precipitation restrict
the groundwater storage. Precipitation in Ali area is
scarce due to the cold and arid climate. For example,
in 2001, the total precipitation value in the Shiquanhe Meteorological, Gaize and Pulan Stations
were 53.9, 187.5 and 113.6 mm, whereas the evaporation rates were 2427, 2420 and 2418 mm, respectively. Such climatic conditions cause poor
groundwater natural recharge conditions.
In summary, the supply conditions of the key
exploration areas are poor, the groundwater lacks a
recharge source and the climatic conditions are
harsh. Moreover, the granule of lacustrine sediment
particles is Bne, and the water storage space is small.
The combination of various unfavourable factors is

the root cause of surface drought and groundwater
deBciency in the key exploration areas.

3.3 Analysis of water chemistry characteristics
Groundwater chemistry information is crucial in
determining when the groundwater is potable.
Water sample test and analysis were conducted
in the key survey areas to analyse groundwater
chemistry. The groundwater level is low because of
severe drought in the survey area. Only two out of
10 exploration areas exposed groundwater. In the
remaining unexplored groundwater survey areas,
well and surface water samples were collected
(table 1). The chemical characteristics of the water
samples are shown in Bgure 9.
The water chemistry test result of 14 groups of
water samples in 10 regions shows that the average
value of groundwater pH in the area is 7.83 (weak
alkaline). The minimum pH value is 7.18 (Zone 2),
whereas the maximum pH value is 8.58 (Zone 5)
(table 3).
Hydrological droughts may result in significant
changes in water quality (Mosley 2015). Water
Cow and volume decrease during drought results in
increased salinity due to reduced dilution and
concentration of mass (Djabri et al. 2014; Mosley
2015). The analysis of water chemistry characteristics of the study areas indicate higher salinity in

31.5
4.21

2.61

1.97

4.11

111

0

191.73
1213.4
231.7
449.5
246.1
324.9
1086.3
14519.4
216.6
289.5
414.2
474.7
434.7
–
99.9
0.0
0
0
10.1
0
0.00
10.9
242
0
5.04
0
0
0
170.90
231
154
210
176
307
320
446
154
215
403
256
359
35.87
767
40.2
210
25.7
36.9
143
1716
35.6
49.3
34
93.3
75.3
5.32
5.85
32.8
7.56
42.6
20.2
62.8
7156
19.5
25.3
30.1
63.5
27.3
15.20
84.6
5.19
60.9
18.3
42.9
14.8
743
11.4
21.9
41.7
32.4
33.7
44.09
221
35.3
36.2
24.3
33.9
13.8
30.4
47.5
28.2
46.8
57.8
68.5
5.80
19.47
41.25
19.74
47.22
37.53
681
4409
25.55
52.24
60.07
99.7
50.37

7.21
7.18
7.61
8.12
7.99
8.01
8.43
8.58
7.82
8.01
7.92
7.53
7.3
–
7.93

PH

7
8
9
10

6

5

4

3

S01
S02-1
S02-2
S03-1
S03-2
S04-1
S04-2
S05-1
S05-2
S06-1
S06-2
S07
S08
–
S10
1
2

River
Well
River
Well
Well
Lake
Drilling
Salt lake
Well
River
Drilling
Well
Well
–
River

Salinity
(mg/L)
CO2
3
(mg/L)
HCO
3
(mg/L)
SO2
4
(mg/L)
Cl
(mg/L)
Mg2+
(mg/L)
Ca2+
(mg/L)
K++Na+
(mg/L)
Source of
water
sample
No. of
water
samples
Key
survey
areas

Table 3. Water chemistry test results.
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HCO3–Ca
SO4–Ca–Mg
HCO3–Ca
SO4–HCO3–Mg
HCO3–Cl–Ca–Mg
HCO3–Mg
HCO3–Cl–K–Na
Cl–Mg
HCO3–Ca
HCO3–Na–Ca
HCO3–Na–Ca
HCO3–Ca–Mg
HCO3–Ca–Mg
–
HCO3–Ca
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groundwater than surface water, which is consistent with this conclusion.
The drilled water samples in Zone 2 are perched
water, which is difBcult to replenish and has large
dynamic changes. Salt stays in the upper soil
because of evaporation, thereby causing high
groundwater salinity (1,213.4 mg/L). The water
now becomes brackish water with groundwater
chemical type of SO4–Ca–Mg. White saline and
alkali stains are present around the lake in Zone 4,
and the salinity of water chemical analysis results
is 324.9 mg/L. The high Mg2+ ion content makes
the lake water slightly bitter. ZK2 is approximately 500 m southeast of the lake, and the drilling
depth is 2.5 m. This area belongs to a phreatic
aquifer and is recharged by the adjacent lake water
indicating that dynamic change is relatively stable.
The groundwater chemical type is HCO3–Cl–
K–Na, and the K++Na+ ion content is high (up
to 681 mg/L), which is close to a saltwater lake.
This phenomenon is related to the evaporation
and enrichment of sodium and potassium salts in
the aquifer. The salinity in the aquifer (i.e.,
1086.3 mg/L) is three fold higher than that of
lake water. This phenomenon is also related to
the evaporation and enrichment of salt in the
aquifer. The drilled depth in Zone 6 is 32 m deep,
which is a stable phreatic aquifer replenished
by the adjacent river water. The groundwater
chemical type in this area is HCO3–Na–Ca, and
the salinity is 414.2 mg/L. Except for HCO3, the
ion content and pH value are approximately
similar to those of river water. The water level in
this area is relatively deep, and the aquifer is
slightly aAected by salt evaporation and enrichment. However, the salinity remains 43% higher
than the 289.5 mg/L salinity of the nearby river,
thereby clearly reCecting the water salinity generation under long-term drought conditions in the
study area.
Mountains are called natural ‘water towers’
because they are vital headwaters to rivers and
other freshwater sources. The melting of mountain
snowpack slowly releases water into streams, rivers
and lakes (Water footprints 2018).
The study area is dry and rainy, although the
altitude is extremely high. The mountain top is
covered with snow all year. In summer, the melted
ice and snow supply the rivers. However, this
recharge is insufBcient to eAectively replenish
groundwater. Consequently, groundwater salinity
is higher than surface water salinity increases in
constituent concentrations.
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4. Results and discussion
4.1 Distribution regularity of Ali quaternary
groundwater resources
Since the Quaternary, the hinterland of the
Tibetan Plateau has become a lake-centred inCow
system with dry climate, decreasing river water
volume and shrinking lake. Thus, the outCow
channel is higher than the lake surface. This evolution has expanded from the hinterland of the
plateau, thereby reducing the water system inside
the plateau. The beaded water system collided with
lakes and rivers during the Pliocene epoch period,
and the Ali area is dismantled, thereby forming the
current independent water system (Guan et al.
1984).
The conclusions are provided on the basis of the
analysis of the aforementioned regional data of
lithological, topographical and hydrogeological
conditions as follows: the distribution of water
resource in Quaternary is not well-proportioned,
water gradually decreases from south to north, and
northern and central regions belong to drought
areas (Kang and Xu 2008).
The southern rivers bring abundant Cuvial
deposits composed of sandstone and conglomerate,
thereby promoting the water-storing capacity of
the Quaternary strata and consequently supplying
abundant groundwater to the south area. Quaternary deposits are mixed with ice deposits and early
pluvial and alluvial to regulate the water-storing
capacity of the middle parts of Ali area. In the
northern altiplano lake basin terrain, interior rivers
are scattered, seasonal gullies are undeveloped, and
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sediments are dominated by siltstone and mudstone, thereby resulting in a weak water-storing
capacity.
Groundwater has different modes between
inland water and outCow river basins in Ali. The
recharge runoA and discharge characteristics of
outCow rivers are similar to those of opening
basins. They are recharged by precipitation and
meltwater from mountain areas. The groundwater
Cows in the Cuvial sediments with good waterstoring capacity, in which the major portion Cows
into oceans, and some portions evaporate and are
used to supply surface water.

4.2 Transport characteristics of groundwater
Meltwater has become an important source of
groundwater supply in the region, especially in the
northern part, because of the scarcity of annual
precipitation in the study area. Snowpack on
mountains is vital to the groundwater resources in
Ali, rivers and water supplies worldwide. The
melting of mountain snowpack slowly releases
water into streams, rivers and lakes, and part of
them will recharge the groundwater.
Groundwater movements in the inland waters
and in the outCow watersheds have different patterns. After the groundwater in the outCow valley
is recharged, it is transported through river sediments with high water content, supplies the surface
water, evaporates along the way, and Cows into
the ocean. The hydrological transport system of
closed inland basin is relatively simple, i.e., the
groundwater Cows in a centripetal shape inside the

Figure 10. Sketch map of the six major constant ions transport in groundwater at Ali. The migration and distribution of six
constant ions in groundwater change is in accordance with a certain rule. The water chemical types change from simple to
complex, the salinity from low to high, and the groundwater quality from good to poor when groundwater Cows from the recharge
(mountain areas) to the discharge (valleys and basins) zone.

Most is the pastoral areas. Groundwater is not
Weak
much, and can only be used sporadicly to drink for
water
abundance human being and domestic animals
Fine-grained, muddy alluvial deposits, and lake Tiny water Groundwater in arid pastoral areas is poor, and is
sediments, weak permeability
abundance of no significance for usage
IV

Geomorphic

Alluvial deposits and lake sediments, which is
smaller particles, weak permeability
III

Aquifer lithology

Aquifer
storage
capacity
Status of surface water
system

The expected continuous climate change will
globally reduce the water security in arid mountain
regions (Beniston 2003; Barnett et al. 2005), posing
a clear threat to livelihood (Rangecroft et al. 2013).
Singh et al. (2019) noted that the use of groundwater, either from spring sources or through dugand bore-wells, is a commonly adopted strategy to
cope and adapt to water scarcity. However,
excessive reliance on groundwater will lead to
potentially deleterious consequences in the future
unless supplemented with adequate and wellplanned recharge programs because aquifers in
mountainous regions are inherently fragile.
The Quaternary aquifer water-storing capacity is
partitioned in accordance with the distribution
regularity of Ali’s Quaternary groundwater
resources. The utilisation corresponding to different

Type
code

4.4 Proposal of the use of groundwater

Table 4. Groundwater resource distribution characteristics and usage proposal.

The change in groundwater chemical characteristics is consistent with the topography and lithofacies belt from recharge (mountain areas) to
discharge (valleys and basins) areas. The migration and distribution of six constant ions in
groundwater change is in accordance with a certain
rule (Bgure 10).
The water chemical types change from simple to
complex, the salinity from low to high, and the
groundwater quality from good to poor when
groundwater Cows from the recharge to the
discharge zone.
The water chemistry characteristics of groundwater are limited by climate zones and large
geomorphological units. From north to south and
west to east, the groundwater quality shifts from
poor to good, whereas the salinity becomes \1
g/L. The water chemistry characteristics are significantly different between the inCow and outCow
river areas. In the inner stream system, the
evaporation is greater than the recharge, and the
salinity is high, whereas in the outCow stream
system, the recharge is abundant, and the salinity
is low. A good example is the Shiquan River in
Gaer County, where the groundwater mineralisation degree is \0.5 g/L, and the groundwater
salinity (inland lake area of Qiangtang) is [1 g/L
(Kang and Xu 2011).

Analysis of the usage

4.3 Chemical characteristics of groundwater

II

basin after replenishment and is consumed by
evaporation.

Water is abundant in these areas and can be used in
Strong
Quaternary alluvial, ice moraine, lacustrine
large-scale as production and living water for local
water
sand, and gravel, mainly of muddy sand and
abundance residents
gravel layer; its permeability is good
Groundwater is rich, and can be used concentrated
Quaternary alluvial, mainly are lake sediments, Medium
to meet needs
medium permeability
water
abundance
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Most rivers and lakes are
Wetlands, river
perennial, and few are
valleys, alluvial fan
seasonal
top of piedmont
Develop perennial and
River and lake
seasonal rivers and
terraces, middle of
lakes
alluvial fan at
piedmont
Middle of alluvial fan, Most rivers are seasonal,
edge of lake basins
in few regions, no
surface water develops
No surface water
End of alluvial fan,
develops
middle of lake
basins, the peak
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partitions can be made to provide an objective basis
for groundwater development (table 4).

5. Conclusion
Starting with the analysis of the regional geological environment of the Tibetan Plateau, the distribution regularity, control factors, development
and utilisation scheme of groundwater resources
in the study area were investigated through geophysical exploration, drilling and hydrochemical
analysis. The conclusions are summarised as
follows.
The water vapour originating from the Indian
peninsula and the Arabian Sea is blocked by high
mountains, thereby minimising the amount of
water vapour that can enter Ali and inducing less
precipitation.
The distribution regularity of the Quaternary
groundwater resources in the study area is controlled by rainfall control and lithological characteristics and is successively reduced from south to
north. A wide range of the mid-north region has
become arid regions.
Groundwater mineralisation in the study area is
higher than that of the surface water under the
inCuence of prolonged drought. From north to
south and from west to east, the groundwater
quality shifts from poor to good, and the salinity
becomes \1 g/L.
The water resources are inadequate in the
Quaternary aquifers, especially the widely distributed lake basins and alluvial fans. However,
pastoral areas, where groundwater can be sporadically used in the middle of alluvial fans and the
edge of lake basins, exist.
The comprehensive application of multifunction
excitation sounding and high-density resistivity
methods produces high credibility and accuracy for
formation stratiBcation, groundwater burial depth,
aquifer thickness, water richness and underground
resistivity changes. Therefore, these methods can
be extended to other arid areas of groundwater
resource survey work.
In future work, we suggest that groundwater
exploration in arid areas should be based on different
hydrogeological characteristics, and the selection of
appropriate technical and methodological systems
should be targetted. In particular, hydrogeological
drilling should be designed in accordance with the
hole location and depth to eAectively obtain
groundwater information.
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